As more patients are surviving the initial effects of traumatic injury clinicians are faced with managing the systemic complications of severe tissue injury. Of these, acute kidney injury (AKI) may be a sentinel complication contributing to adverse outcomes. OBJECTIVE:
M
ajor trauma comprises 10% of intensive care unit (ICU) admissions and is the leading cause of death and disability in adults under the age of 40 years old. 1, 2 Although early inpatient mortality after major trauma has declined, longer-term mortality has remained unchanged. 3, 4 This increased longer-term mortality and morbidity is common to various groups of critical care survivors and represents an important and neglected area for research and clinical intervention. 5 In the general critical care population, acute kidney injury (AKI) complicates over 50% of admissions to ICU and a number of investigators have demonstrated a consistent association with increased short-and long-term mortality and major comorbid disease, including an increased risk of cardiovascular events and end-stage renal disease. 6, 7 Since the development of the consensus AKI diagnostic guidelines, [8] [9] [10] a number of studies have reported on the incidence and associations of well-defined AKI after major trauma. In contrast to many medical illnesses AKI after major trauma has a clearly defined time of insult making it an attractive target for potential interventions. 11 In addition trauma patients experience specific exposures to a combination of AKI risk factors including systemic inflammation, hypovolemic shock, massive transfusion, rhabdomyolysis, abdominal compartment syndrome and major surgery. 12, 13 However, the epidemiology of traumaassociated AKI has not been the subject of systematic review and there is a lack of consistent evidence on the incidence and impact of AKI in trauma patients. While a number of observational studies of major trauma patients in critical care report different and sometimes conflicting associations with AKI.
14-16 Accordingly, we conducted a systematic review and meta-analysis of studies reporting the incidence and associated mortality of AKI after major trauma requiring ICU admission. In addition, we explored the reported associations of the trauma admission with the development of AKI. Our primary outcome was the pooled incidence of AKI (as defined by consensus AKI criteria) after major trauma requiring ICU admission across eligible studies. Secondary outcomes were the pooled estimate of the relative risk of death (hospital or 28-90 day) associated with AKI and to collate risk factors associated with the development of AKI in the trauma population.
METHODS
Our primary objective was to report the incidence of AKI after major trauma requiring ICU admission as defined by any of the three progressive iterations of the consensus AKI definition: risk, injury, failure, loss, end stage (RIFLE), AKI network (AKIN) or kidney disease improving global outcomes (KDIGO). [8] [9] [10] The study protocol was registered with the PROSPERO International Prospective Register of systematic reviews (CRD42017056781) and we adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) reporting guidelines. 17 
Information Sources and Eligibility Criteria
We included all studies of adult trauma patients (≥18 years) requiring critical care admission reporting AKI defined by any of the three consensus AKI definitions alongside mortality outcome by AKI exposure. We included studies with all types of traumatic injury. We electronically searched the US National Library of Medicine, Medline electronic reference database (PubMed), the Excerpta Medica database and the Cochrane Library for original articles published after 1 January 2004 in peer-reviewed journals excluding conference proceedings and publications in abstract form only. As we aimed to include only articles reporting the incidence of AKI using a consensus definition designed and published in or after 2004, no publications prior to 2004 were examined.
Search Strategy
We used the following search terms mapped to the appropriate MeSH subject headings, exploded in the following Boolean expression: (AKI OR acute kidney injury OR acute renal failure) AND (incidence OR risk) AND (trauma). In addition, we manually reviewed the bibliography of any full text articles we retrieved for additional potentially relevant citations. Our search was not limited by language. The PROSPERO database was searched for completed reviews. Two authors (R.H. and J.P.), independently screened titles and abstracts for inclusion as per the eligibility criteria. Any discrepancy between reviewers was resolved after review by a third author (CK) through consensus among all investigators. 
Selection Process

Quality Assessment
Both R.H. and J.P. used the Newcastle-Ottawa scale to assess methodology and presence of potential bias for the included studies. The focus was assessing the validity of the association of mortality and risk factors with AKI.
Data Synthesis
Statistical analysis was performed using R (R Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org). Meta-analysis was performed to determine the pooled proportion of AKI among all included studies. We reported the relative risk of mortality in patients with AKI. We assessed heterogeneity using the I 2 index and the Q test and explored heterogeneity with subgroup and sensitivity analysis. Our prespecified subgroup analyses included the following subgroups: AKI diagnosis methodology (KDIGO, AKIN, RIFLE) and use and non-use of urine output criteria; isolated traumatic brain injury (TBI); military injuries; penetrating vs blunt injury; and older age vs younger age. In addition, we examined studies with multivariable adjustment for odds of death associated with AKI.
RESULTS
Our search strategy identified 1,279 titles from which 17 studies describing AKI outcomes in 24,267 patients admitted to critical care after major trauma were included in our analysis (see Figure, Supplemental Digital Content 1, http://links.lww. com/TA/B208). All included studies were in the English language. One study described two separate cohorts and was treated as two separate studies. 18 Sixteen were retrospective cohort [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and two prospective cohort 30, 31 in design. Of the 18 studies, all were adult cases admitted to ICU after trauma. Mechanism of trauma ranged from; blunt trauma (four studies), road traffic collisions (two studies), combat casualties (two studies), mixed blunt and penetrating trauma (four studies) or unreported mixed mechanisms (six studies), Table 1 . Three studies focused on patients with TBI only, whereas 3 studies excluded those patients with isolated TBI. Nine studies excluded patients with documented chronic kidney disease. The Injury Severity Score (ISS) ranged from 17.2 to 27.3 for the eight studies that recorded it for the whole cohort (see Table, Supplemental Digital Content 2, http://links.lww. com/TA/B209). Using the Newcastle-Ottawa quality assessment scale, six studies scored 7 and the other 10 scored 9. The main source of potential bias was "comparability" when controlling for important factors when comparing outcomes (see Table, Supplemental Digital Content 3, http://links.lww.com/TA/B210).
In a meta-analysis of proportion using a random effects model, the pooled incidence of AKI was 20.4% (95% confidence interval [CI], 16.5-24.9), Table 2 . Twelve studies reported the breakdown of stages of AKI with 55.7% of patients classified Our subgroup analysis showed that there were significant between group differences when comparing the mechanism of injury (p < 0.001). Studies focused on predominantly blunt trauma had the highest pooled incidence of AKI, 31.9% (95% CI, 22.4-43.3%; Table 2 ). There were no significant differences between different AKI definitions. Although the pooled incidence varied, there were no significant differences between studies that excluded patients with chronic kidney disease (CKD), those less severely injured (ISS <15) or patients with isolated TBI. There was significant heterogeneity between studies overall and within subgroups, Table 2 .
The most consistently reported risk factor for AKI was older age. A higher ISS was associated with AKI in 8 of the 13 studies reporting differences between AKI and non-AKI groups (see Table, Supplemental Digital Content 2, http://links. lww.com/TA/B209). Some studies explored more detailed associations with AKI in multivariable analyses, the most consistent of which included: number of packed red blood cells transfused (three studies), presence of diabetes mellitus (two studies) and abdominal site of trauma (two studies) (see Table, Supplemental Digital Content 2, http://links.lww.com/TA/B209).
The seven studies that reported the length of ICU stay showed significantly longer stays for patients with AKI compared to non-AKI patients (see Table, Supplemental Digital Content 5, http://links.lww.com/TA/B212). Mortality was reported as hospital (14 studies), 30 days (three studies) and 90 days (one study). One study did not report any deaths in both AKI and non-AKI patients. Eight studies reported mortality for each AKI stage (see Table, Supplemental Digital Content 6, http://links.lww. com/TA/B213). In a random-effects model, the pooled relative risk for hospital, 30-or 90-day mortalities for patients with AKI compared to patients with no AKI was 3.6 (95% CI, 2.4-5.3; Figure 1 ). One study showed a reduced relative risk of death for patients with AKI (RR, 0.6; 95% CI, 0.4-0.8). For those studies with an increased mortality the relative risk ranged from 2.1 to 11.0. There was a high level of heterogeneity between studies. Among five studies that adjusted for multiple variables including illness severity, there was an increased odds of death compared with patients with no AKI (pooled adjusted odds ratio [OR], 2.7; 95% CI, 1.9-3.8; I 2 = 78%, n = 16, 369, p = <0.01; Figure 2 ).
DISCUSSION
In this first systematic review exploring the incidence of AKI and associated outcomes in trauma patients admitted to the ICU, we synthesized data from 18 studies including 24,474 patients. Data from these observational cohort studies, including several categories of trauma presentation from road traffic collisions to combat injuries, revealed AKI as a common complication in patients admitted to the ICU, and importantly we also demonstrated a 3.6-fold increase in the relative risk of death. As anticipated, despite a strict a priori protocol for inclusion and subgroup analysis, there was considerable heterogeneity between studies. However, the increased relative risk of death was consistent across 17 of the 18 studies, and in the 6 studies reporting multivariable adjustment, the pooled OR for death remained significant. The common occurrence of traumaassociated AKI is comparable to that seen in other subtypes of major surgery associated AKI, such as cardiac [32] [33] [34] and major abdominal surgery, 35 where it has a similar association with reduced short-term survival.
Although the new consensus definitions have unified the diagnosis of AKI, recent research is exploring the unique attributes of specific AKI subtypes. Each subtype, in this case, trauma-associated AKI, has both overlapping and distinct features which is important to characterize to enhance future interventional strategies. The reported pooled incidence of AKI after major trauma of 20.4% in this study represents an important first step in exploring this AKI subtype. In addition, for the 14 studies reporting a breakdown of the AKI stages, over 40% of patients were classified with more severe forms of AKI (RIFLE I or F or Stages 2-3). Where reported, there was a trend toward increasing mortality with worsening AKI stage, consistent with other groups of critically ill patients. 6 Multiple factors could explain the range of RRT use (0% to 26.2%) including resource setting and availability, differences in local RRT initiation protocols, and the range in AKI severity. There are multiple potential sources of heterogeneity in the meta-analysis that were not explained by subgroup comparisons. Although we adhered to inclusion criteria that included a consensus definition of AKI, the timing of AKI in relation to the point of admission varied with studies including AKI within 24 hours to any AKI within the hospital stay as trauma associated. Those studies with a longer period may be capturing more AKI related to risk factors accrued during critical illness, however post hoc subgroup analysis revealed no difference comparing studies where AKI diagnosis was included if the AKI criteria were met within 7 days versus greater than 7 days. When comparing studies that excluded patients with CKD with those that did not, there was no difference in the pooled incidence of AKI. The presence of CKD and comorbidity in general can expected to be lower in trauma patients, who are often a younger cohort with the mean or median ages of the included studies all younger than 50 years. In summary, the pooled incidence of AKI reported from this analysis has to be considered in light of the significant residual heterogeneity present between studies. Our subgroup analysis revealed significant between group differences when grouped by mechanism of trauma with blunt trauma demonstrating the highest pooled incidence of AKI (31.9%). An extensive proinflammatory response has been observed in multiple investigations of severe blunt trauma with associated organ dysfunction. 36 Although all studies with a focus on blunt trauma reported a greater incidence of AKI, one study 16 may have skewed these results due to a high reported incidence of AKI (49.8%). The differences found between trauma mechanisms highlight the variety of patient presentations that are classified as major trauma for example, a young, healthy soldier presenting after a blast injury to an elderly patient sustaining a blunt injury after falling at home. This range of premorbid illness could explain the lower incidence of trauma associated AKI in the ICU compared to the ICU population in general that reports an incidence of up to 50%. 6 In the more analogous patient groups of major non-cardiac and cardiac surgery, reported incidences of AKI align with that after major trauma and are reported between 7.5% and 13.4%, 35, 37 and 27.8%, 38 respectively. Acute kidney injury demonstrated a consistent association with mortality with a 3.6-fold relative risk of death. Again, there was considerable heterogeneity between studies. However, we found a pooled OR of 2.7 for the 6 studies that adjusted for AKI risk factors including age and illness severity. Furthermore, eight studies reported increasing mortality with worsening severity of AKI stage, with a mortality of 19.0% to 79.2% for patients with Stage 3 AKI. Previous studies across patient groups have consistently demonstrated an association of AKI with higher mortality and morbidity. 7, 38, 39 Gomes et al reported fewer deaths in the trauma cohort with AKI but this was associated with a high number of early deaths (less than 2 days) in the non-AKI group. AKI has been associated with worse outcomes in other analogous settings including cardiac and major noncardiac surgery where it is associated with an increased length of ICU and hospital stay, increased short and long-term mortality and overall increase in health care cost. 40, 41 Various studies reported risk factors for AKI after major trauma. However, the majority of included studies used a retrospective design which consequently limits the interpretation of strength of any associations. Risk factors reported across the AKI literature such as age and diabetes were associated with AKI after trauma. Overall, the younger age of the trauma population compared to general ICU cohorts highlights the potential risk of the long-term impact of AKI and the development of CKD on a subgroup of patients expected to survive to discharge from hospital. The number of PRBCs transfused was shown to be associated with AKI and could represent a unique insult with potential diagnostic and treatment options for this subtype of AKI. 18 Interestingly, despite the common clinical focus of rhabdomyolysis as a leading mechanism of AKI in trauma, serum creatine kinase levels were only associated with AKI in one study, this may reflect a more multifactorial underlying etiology of AKI in trauma patients, as is the case in other critically ill populations.
Strengths and Limitations
Our systematic review and meta-analysis adhered to a registered protocol and we reported our findings against the PRSIMA-P and MOOSE checklist. 17, 42 Our findings were strengthened by inclusion of studies reporting the consensus AKI criteria and in incorporation of a comprehensive literature search including studies covering a wide range of trauma admissions. We also used a specialist collaborative group of intensivists and nephrologists to ensure study selection and quality. This analysis does have some limitations; first, some articles could have been missed despite a rigorous search strategy. Second, mortality outcomes were inconsistently reported limiting our findings and may have contributed to heterogeneity. In addition, the majority of articles were retrospective and only six managed to perform adjustments for mortality outcome which consequently lead to residual confounding limiting the strength of these data supporting AKI as an independent, causal factor in increasing mortality. Thirdly, baseline creatinine was defined differently among studies and may have led to AKI misclassification and underestimation of CKD. There is no optimal definition of baseline creatinine in the acute trauma setting where a true baseline is most commonly unavailable, with first creatinine being proposed as most the accurate while estimated baselines may overestimate creatinine in a younger trauma population, that is, resulting in potentially missed AKI cases. 43 Fourth, not all studies reported RRT and those that did lacked details regarding timing, modality, and indications for starting thus limiting our analysis of RRT requirement after major trauma. Finally, there are individual patient factors and differences in care that can affect the incidence of AKI such as; quality of initial resuscitation, transport times and use of blood products. In addition, the decision to admit a patient to critical care may be driven by considerations other than pure clinical indications, such as bed and staffing availability. As such, it is possible that while we included patients admitted to ICU, in certain health care settings, there may be patients on normal ward beds who would be excluded in our study who still suffered a significant AKI.
CONCLUSION
Acute kidney injury is common in critically ill trauma patients admitted to the ICU and is associated with worse short-term mortality. Trauma associated AKI, similar to other forms of surgery associated AKI, has a predefined beginning suggesting early risk stratification and intervention may impact outcomes. Traumatic AKI is an important subtype of AKI where future prospective interventional studies should be considered.
